Abstract: Prostate cancer (PCa) is a malignant tumor for which there are no effective treatment strategies. In this study, we developed a targeted strategy for prostate-specific membrane-antigen (PSMA)-positive PCa in vitro based on 2-(3-((S)-5-amino-1-carboxypentyl)ureido) pentanedioic acid (ACUPA) modified polyethylene glycol (PEG)-Cholesterol micelles containing wogonin (WOG), which was named ACUPA-M-WOG. ACUPA-M-WOG was conventionally prepared using a self-assembling method, which produced stable particle size and ζ potential. Moreover, ACUPA-M-WOG showed good drug encapsulating capacity and drug release profiles. Fluorescence activated cell sorting (FACS) results suggested that ACUPA modified PEG-Cholesterol micelles could effectively enhance the drug uptake on PSMA(+) PCa cells, and the cytotoxicity of ACUPA-M-WOG was stronger than other controls according to in vitro cellular proliferation and apoptosis assays, separately through methyl thiazolyl tetrazolium (MTT) and Annexin V/Propidium Iodide (PI) staining. Finally, the molecular mechanisms of ACUPA-M-WOG's effects on human PSMA(+) PCa were investigated, and were mainly the intrinsic or extrinsic apoptosis signaling pathways. The Western blot results suggested that ACUPA-M-WOG could enhance the WOG-induced apoptosis, which was mainly via the intrinsic signaling pathway rather than the extrinsic signaling pathway. In conclusion, ACUPA-M-WOG was successfully developed for WOG-selective delivery to PSMA(+) PCa cells and had stronger inhibition than free drugs, which might make it an effective strategy for PSMA(+) PCa.
Introduction
As a major cause of cancer-related death in male patients in Europe and USA, prostate cancer (PCa) is a great burden for both patients and public medical systems. In the early stage of PCa, surgery, radiation, and androgen deprivation therapy (ADT) are the standard therapeutic procedures and relatively effective for localized PCa [1] . However, after a period of ADT, PCa can transform to castration-resistant prostate cancer (CRPC), with high potency of metastasis and development. Nowadays, chemotherapy is the most common used approach to combat CRPC, despite its unsatisfactory therapeutic efficacy due to lack of target selection and unspecific toxicity [2] . Although paclitaxel-based chemotherapy is effective in some clinical practices, the poor hydrophilicity and bioavailibility of paclitaxel markedly limit its maximum therapeutic potency [3] . In the last few decades, encapsulation of paclitaxel into nano-formulations has achieved reasonable success as a pharmaceutical strategy. In our previous studies, encapsulation of paclitaxel into a modified PEGylated long-circulating liposome could increase its bioactivity and prolong the drug half-life [4] [5] [6] . Recently, as one of the main bioactive natural products of Scutellaria baicalensis, wogonin ( Figure 1A ) has been found to exert potent activities against a variety of cancers. Moreover, several reports indicated that wogonin significantly inhibited cellular proliferation and resulted in apoptosis through reactive oxygen species (ROS) release in many cancer cells [7] , e.g., SKOV3, LNCaP, A2780, HCT-116 and Hela cells [8] . Prostate-specific membrane-antigen (PSMA) is a member of type II transmembrane glycosylated protein with a molecular weight of about 100 kDa. It is mainly composed of three functional domains: a C-terminal domain, a protease domain and an apical domain [9] [10] [11] [12] [13] . The expression level of PSMA is obviously up-regulated in prostate cancer cells than normal prostate issue or endothelial cells. The genomics researches and pathological analysis have proved that PSMA is one of the most increased expression proteins in PCa, and the PSMA expression level shows a positive correlation with the potency of tumor progress or metastasis [14] [15] [16] [17] [18] [19] . In recent years, several strategies have been developed to achieve targeting capacity for PCa in PSMA targeted prodrugs or nanomedicines, such as peptides, RNA aptamers and monoclonal antibodies (mAb). The phage display technology is used to screen and identify binding peptides for PSMA, and the results suggest that KYLAYPDSVHIW and WQPDTAHHWATL can bind to PSMA with high affinity and inhibit its glutamate carboxypeptidase activity [20] [21] [22] . Similarly, Lupold et al. [23] [24] [25] [26] [27] discovered that some RNA aptamers can efficiently recognize PSMA and inhibit the enzymatic activity. Moreover, some protein drugs, such as anti-PSMA mAbs, single-chain variable fragment (scFv) and soluble receptors have been used to target PCa [28] [29] [30] [31] . For example, Indium-111 radio-labeled anti-PSMA mono-colony antibody (mAb 7E11) has been approved by Food and Drug Administration (FDA) for the radiographic test of PCa [30, [32] [33] [34] [35] [36] Some mAbs-conjugated immunotoxins or nanoparticles as PCa-targeted agents have been tested in clinical trials [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] .
2-[3-(1,3-Dicarboxypropyl)ureido]pentanedioic acid (DUPA) is one of the highest-affinity small molecular ligands of PSMA [50, 51] . After binding to PSMA, DUPA can be immediately endocytosed into clathrin-coated pits, and PSMA can release DUPA into cytoplasm and then return to the cell Prostate-specific membrane-antigen (PSMA) is a member of type II transmembrane glycosylated protein with a molecular weight of about 100 kDa. It is mainly composed of three functional domains: a C-terminal domain, a protease domain and an apical domain [9] [10] [11] [12] [13] . The expression level of PSMA is obviously up-regulated in prostate cancer cells than normal prostate issue or endothelial cells. The genomics researches and pathological analysis have proved that PSMA is one of the most increased expression proteins in PCa, and the PSMA expression level shows a positive correlation with the potency of tumor progress or metastasis [14] [15] [16] [17] [18] [19] . In recent years, several strategies have been developed to achieve targeting capacity for PCa in PSMA targeted prodrugs or nanomedicines, such as peptides, RNA aptamers and monoclonal antibodies (mAb). The phage display technology is used to screen and identify binding peptides for PSMA, and the results suggest that KYLAYPDSVHIW and WQPDTAHHWATL can bind to PSMA with high affinity and inhibit its glutamate carboxypeptidase activity [20] [21] [22] . Similarly, Lupold et al. [23] [24] [25] [26] [27] discovered that some RNA aptamers can efficiently recognize PSMA and inhibit the enzymatic activity. Moreover, some protein drugs, such as anti-PSMA mAbs, single-chain variable fragment (scFv) and soluble receptors have been used to target PCa [28] [29] [30] [31] . For example, Indium-111 radio-labeled anti-PSMA mAb (mAb 7E11) has been approved by Food and Drug Administration (FDA) for the radiographic test of PCa [30, [32] [33] [34] [35] [36] Some mAbs-conjugated immunotoxins or nanoparticles as PCa-targeted agents have been tested in clinical trials [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] .
2-[3-(1,3-Dicarboxypropyl)ureido]pentanedioic acid (DUPA) is one of the highest-affinity small molecular ligands of PSMA [50, 51] . After binding to PSMA, DUPA can be immediately endocytosed into clathrin-coated pits, and PSMA can release DUPA into cytoplasm and then return to the cell membrane. Recently, Post et al. [50, 52] report a radio-labeled conjugate of DUPA and 99m Tc derivative for selecting patients suitable for PSMA-targeted therapy and diagnosing PCa progress or recurrence. Some subsequent reports show DUPA-linked cytotoxins can efficiently inhibit tumor proliferation both in vitro and in vivo with moderate to good specificity. As a chemical mimic of DUPA, 2-(3-((S)-5-amino-1-carboxypentyl)ureido)pentanedioic acid (ACUPA) also shows satisfactory targeted efficiency at the protein, cell and whole animal levels [51] [52] [53] [54] [55] [56] .
We have previously reported that peptide-modified polyethylene glycol (PEG)-Cholesterol (Chol) (PEG-Chol) micelles can specifically recognize fibroblast growth factor receptor (FGFR), enhance paclitaxel delivery to cancer cells and induce cytotoxicity in FGFR overexpressed cancer cells [57] [58] [59] [60] . Although several aptamer-or mAb-modified nano-formulations have been reported and their PCa-targeted abilities have been evaluated, to our knowledge, only a few studies about the preparation and evaluation of ACUPA based drug delivery system have been previously conducted. The detailed molecular mechanisms and targeted and anticancer ability remain elusive. The main aim of this study is to validate the targeted delivery of antitumor natural product wogonin (WOG) to PCa by ACUPA modified PEG-Chol (ACUPA-PEG-Chol) micelles ( Figure 1B) , to verify its anti-tumor efficiency, and to observe the molecular mechanism in cell lines. The effects of apoptosis inhibitor on the cellular proliferation of LNCaP cells are evaluated to clarify the action mechanism of WOG loaded micelles. Finally, the apoptotic related proteins are detected by Western blot, which is measured to elucidate the action mechanisms and to determine the potential apoptosis pathway of the WOG loaded micelles. The synthesis route of ACUPA-PEG-Chol is referenced in previous reports and some modifications are made [24, 30] . Figure 2 presents the 1 H nuclear magnetic resonance ( 1 H NMR) spectrum of ACUPA-PEG-Chol and some intermediates, ACUPA and PEG-Chol, which means ACUPA-PEG-Chol is successfully synthesized. The large peak at about δ 3.5 ppm (a) shows the methylene group in PEG, which contains repeating ethylene glycol units; only PEG-Chol and ACUPA-PEG-Chol exhibit this peak. The multiple peaks from δ 0.6 to 1.2 ppm (b) are assigned to the protons of cholesterol scaffold, and the dd peaks at around δ 2.6 ppm (c) show the methylene proton of the succinyl group. The multiple peaks around δ 2.0 ppm (d) are assigned to the methylene of the glutamate group in the ACUPA fragment, and the adjacent two single peaks at δ 1.40 and 1.38 ppm (e) are assigned to the tert-butyl ester group in the ACUPA fragment. These results further show that the conjugate has reacted well and target molecule was successfully synthesized.In general, the preparation of ACUPA-M-WOG is utilized a self-assembly method, and the mean size of wogonin loaded micelles is about 24˘5 nm ( Figure 3A) , with an optimal drug/polymer (w/w) ratio of 1:19, and optimal drug loading (DL) and entrapped efficiency (EE) of 4.8%˘0.2% and 95.8%˘2.6%, respectively. Moreover, the polydisperse index (PDI), and ζ potential of WOG-loaded ACUPA-PEG-Chol micelles are 0.27˘0.03, and 0.6˘1.4 mV, respectively ( Figure 3B ). The transmission electron microscopy (TEM) image of ACUPA-M-WOG is demonstrated in Figure 3C , which implies that the ACUPA-M-WOG is nearly spherical in shape and its diameter is about 30 nm. The results of particle size and microscopic structure of micelles tested by TEM prove the stable and homogenous ACUPA-M-WOG aqueous disperse can be achieved by loading WOG into AUPA-PEG-Chol amphiphilic polymeric micelles. 
Results and Discussion

Characterization of 2-(3-((S
)
Specific Cellular Uptake of the Micelles
The LNCaP and PC-3 cells are incubated with micelles containing coumarine-6 (Cou), to evaluate whether the increased drug uptake of ACUPA is modified by prostate cancer cells. After incubation of free coumarine-6, M-Cou and ACUPA-M-Cou with or without ACUPA for a certain time interval are washed with PBS twice. Then, the cells are collected and flow cytometry is used to detect the fluorescence, which is derived from coumarine. The result ( Figure 4A 
The LNCaP and PC-3 cells are incubated with micelles containing coumarine-6 (Cou), to evaluate whether the increased drug uptake of ACUPA is modified by prostate cancer cells. After incubation of free coumarine-6, M-Cou and ACUPA-M-Cou with or without ACUPA for a certain time interval are washed with PBS twice. Then, the cells are collected and flow cytometry is used to detect the fluorescence, which is derived from coumarine. The result ( Figure 4A Figure 4A) ; this result suggests that the ACUPA fragment indeed increases the uptake of the micelles in PSMA-positive PCa cells. Moreover, when the free ACUPA is added in the culture beforehand, the uptake increase of the ACUPA-M-Cou group is eliminated, which suggests that the binding of ACUPA to PSMA occurs in a competitive manner. In Figure 4B , on the PSMA negative PC-3 cells, there are no significant differences in mean fluorescence intensity of ACUPA-M-Cou, M-Cou and free Coumarine-6 groups, which further reveals the ability of ACUPA-M-Cou micelles to target PSMA positive PCa cells relies on the ACUPA fragments binding to PSMA.
micelles in PSMA-positive PCa cells. Moreover, when the free ACUPA is added in the culture beforehand, the uptake increase of the ACUPA-M-Cou group is eliminated, which suggests that the binding of ACUPA to PSMA occurs in a competitive manner. In Figure 4B , on the PSMA negative PC-3 cells, there are no significant differences in mean fluorescence intensity of ACUPA-M-Cou, M-Cou and free Coumarine-6 groups, which further reveals the ability of ACUPA-M-Cou micelles to target PSMA positive PCa cells relies on the ACUPA fragments binding to PSMA. 
In Vitro Cytotoxicity and Apoptosis Assay of the Micelles
The cellular proliferation assay of ACUPA-M-WOG, M-WOG, blank micelles and free WOG is determined by methyl thiazolyl tetrazolium (MTT) on LNCaP and PC-3 cells, whose results are revealed in Figure 5 . After incubated 48 h with the free WOG, M-WOG or ACUPA-M-WOG, the cell survival ratios are detected by MTT at 570 nm. The cell survival ratios are decreased according to the increase of WOG concentration, and there are significant differences in the ACUPA-M-WOG, M-WOG and free WOG groups. Moreover, with the increase of ACUPA-PEG-Chol, there is no significant cell proliferation inhibition observed. As shown in Figure 5 , the mean concentrations of wogonin that cause 50% cell inhibition (IC50) of ACUPA-M-WOG and M-WOG are respectively 15.83 and 45.65 µg/mL, while that of free wogonin is 49.31 µg/mL. Additionally, the cytotoxicity of ACUPA-M-WOG and M-WOG are not obviously different from free WOG on the PC-3 cells, and there are no significant differences between ACUPA-M-WOG group and M-WOG group, which further proves the surface ACUPA modifications of ACUPA-M-WOG can achieve PCa targeting via PSMA-positive cells.The in vitro apoptosis assay is conducted using flow cytometry by Annexin V/PI staining. After incubation with ACUPA-M-WOG, M-WOG or free WOG for 48 h, both Annexin V + /PI − and Annexin V + /PI + cells are detected and numbered. As showed in Figure 6 , there are 89.92% ± 5.30% of apoptotic cells in the ACUPA-M-WOG group, which is markedly higher than in free WOG (55.48% ± 4.89%, p < 0.05), and NS (1.53% ± 1.02%, p < 0.01) groups. The percentages of Annexin V + /PI + cells between ACUPA-M-WOG and free WOG groups are no different, and are respectively 10.50% ± 2.71% and 7.07% ± 2.59%. Meanwhile, Annexin V + /PI − cells in the ACUPA-M-WOG group (79.42% ± 4.24%) are much more prevalent than in the free WOG group (48.41% ± 3.05%, p < 0.05). Meanwhile, the morphological observation demonstrates that ACUPA-M-WOG can induce stronger cellular apoptosis than free WOG and M-WOG in LNCaP cells, which may come from the uptake difference of each group (Figure 7) . 
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Western Blot Analysis
After incubated with ACUPA-M-WOG or free WOG, the proteins in LNCaP cells are collected, and used to evaluate the levels of apoptosis related proteins by immunoblotting assays. Besides the mitochondrial related apoptotic proteins (intrinsic pathway), the proteins participated in the death receptor pathway (extrinsic pathway) are mainly concerned. The extrinsic pathway can be activated by the ligands of the death receptor super-family, such as TRAIL, IFN-γ, Fas, or TNF-α. On the other hand, the mitochondrial pathway involves many apoptotic related proteins, for example apoptosis inducing factor (AIF), caspase-3, caspase-9, and the Bcl-2 family members. The initial mechanistic 
After incubated with ACUPA-M-WOG or free WOG, the proteins in LNCaP cells are collected, and used to evaluate the levels of apoptosis related proteins by immunoblotting assays. Besides the mitochondrial related apoptotic proteins (intrinsic pathway), the proteins participated in the death receptor pathway (extrinsic pathway) are mainly concerned. The extrinsic pathway can be activated by the ligands of the death receptor super-family, such as TRAIL, IFN-γ, Fas, or TNF-α. On the other hand, the mitochondrial pathway involves many apoptotic related proteins, for example apoptosis inducing factor (AIF), caspase-3, caspase-9, and the Bcl-2 family members. The initial mechanistic Fluorescent microscopic image. The yellow arrows mean the apoptotic cells. 40ˆobjective lens.
After incubated with ACUPA-M-WOG or free WOG, the proteins in LNCaP cells are collected, and used to evaluate the levels of apoptosis related proteins by immunoblotting assays. Besides the mitochondrial related apoptotic proteins (intrinsic pathway), the proteins participated in the death receptor pathway (extrinsic pathway) are mainly concerned. The extrinsic pathway can be activated by the ligands of the death receptor super-family, such as TRAIL, IFN-γ, Fas, or TNF-α. On the other hand, the mitochondrial pathway involves many apoptotic related proteins, for example apoptosis inducing factor (AIF), caspase-3, caspase-9, and the Bcl-2 family members. The initial mechanistic studies show that there are no obvious expression level changes of FasL, FADD, and caspase-8 between ACUPA-M-WOG, free WOG and control groups (Figure 8 ). These results suggest that the apoptotic manner induced by ACUPA-M-WOG rarely involves the extrinsic pathway. On the other hand, ACUPA-M-WOG and free WOG increase the levels of Bax and cytochrome c (Figure 8 ), suggesting that WOG and ACUPA-M-WOG induced apoptosis in a manner partly dependent on the intrinsic pathway. Based on the fact that cytochrome c released from mitochondria can induce the activation of the proapoptotic caspase cascade, we next investigate the status of caspases 3 and 9. WOG or ACUPA-M-WOG can activate caspases 3 and 9 in LNCaP cells, and eliminate the level of original caspase 9 proteins (Figure 8 ). These data provide evidence that WOG-induced apoptosis primarily depends on the mitochondrial pathway. Moreover, ACUPA-M-WOG can enhance the apoptosis-inducing ability of WOG for PSMA-positive PCa cells (Figure 9 ). (Figure 8 ). These results suggest that the apoptotic manner induced by ACUPA-M-WOG rarely involves the extrinsic pathway. On the other hand, ACUPA-M-WOG and free WOG increase the levels of Bax and cytochrome c (Figure 8 ), suggesting that WOG and ACUPA-M-WOG induced apoptosis in a manner partly dependent on the intrinsic pathway. Based on the fact that cytochrome c released from mitochondria can induce the activation of the proapoptotic caspase cascade, we next investigate the status of caspases 3 and 9. WOG or ACUPA-M-WOG can activate caspases 3 and 9 in LNCaP cells, and eliminate the level of original caspase 9 proteins (Figure 8 ). These data provide evidence that WOG-induced apoptosis primarily depends on the mitochondrial pathway. Moreover, ACUPA-M-WOG can enhance the apoptosis-inducing ability of WOG for PSMA-positive PCa cells (Figure 9 ). (Figure 8 ). These results suggest that the apoptotic manner induced by ACUPA-M-WOG rarely involves the extrinsic pathway. On the other hand, ACUPA-M-WOG and free WOG increase the levels of Bax and cytochrome c (Figure 8 ), suggesting that WOG and ACUPA-M-WOG induced apoptosis in a manner partly dependent on the intrinsic pathway. Based on the fact that cytochrome c released from mitochondria can induce the activation of the proapoptotic caspase cascade, we next investigate the status of caspases 3 and 9. WOG or ACUPA-M-WOG can activate caspases 3 and 9 in LNCaP cells, and eliminate the level of original caspase 9 proteins (Figure 8 ). These data provide evidence that WOG-induced apoptosis primarily depends on the mitochondrial pathway. Moreover, ACUPA-M-WOG can enhance the apoptosis-inducing ability of WOG for PSMA-positive PCa cells (Figure 9 ). The solid line means that there is direct interaction between the two molecules, while the dash line means that the interaction is indirect. Figure 9 . Potential mechanism of ACUPA-M-WOG is dependent on the regulating intrinsic apoptosis. The solid line means that there is direct interaction between the two molecules, while the dash line means that the interaction is indirect. Gibco) , respectively, and supplemented with 10% fetal bovine serum (FBS, Gibco). The cells were cultured at 37˝C in a humidified incubator, in which the concentration of CO 2 was 5%.
Materials and Methods
Materials and Cell Lines
Synthesis and Characterization of ACUPA-PEG-Cholesterol Conjugates
The synthesis of ACUPA and cholesterol-poly (ethylene glycol)-ACUPA conjugates (ACUPA-PEG-Chol) followed the literature's method with some modifications [56, [61] [62] [63] [64] [65] [66] , and the synthetic route was described in Scheme 1. Briefly, the succinate Chol-PEG (2.0 g, 0.86 mmol) and tert-butyl ester of ACUPA (0.43 g, 0.92 mmol) were added into in 20 mL of dichloromethane, and EDC (0.24 g, 0.92 mmol) was dissolved and further stirred for 24 h at 25˝C. Then the tert-butyl ester groups of ACUPA were cleared away by 50% TFA (trifluoroacetic acid) and continuous stirred 12 to 24 h. When the reaction was finished, the liquid was dialyzed (membrane tubing, molecular weight cut off = 1.0 kDa) and lyophilized and the final products ACUPA-PEG-Chol (0.78 g, 32.7%) were obtained. 
Materials and Methods
Materials and Cell Lines
The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenltetrazolium bromide (MTT), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), polyethylene glyco (PEG, MW = 2000) and Cholesterol (Chol) were purchased from BoAo Biological Technology (Shanghai, China). Succinic anhydride (suc) and coumarin-6 were purchased from Sigma-Aldrich (St. Louis, MO, USA). The N-protected amino acids were obtained from Chengdu Kaijie Co., Ltd. (Chengdu, China). Wogonin (WOG) was obtained from Energy Chem. Co., Ltd. (Shanghai, China). The ultrapure water was produced by a Milli-Q water system. The LNCaP and PC-3 cells were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). LNCaP and PC-3 cells were cultured in Dulbecco's modified eagle medium (DMEM, Gibco, Grand Island, NY, USA) and Roswell Park Memorial Institute 1640 medium (RPMI 1640, Gibco), respectively, and supplemented with 10% fetal bovine serum (FBS, Gibco). The cells were cultured at 37 °C in a humidified incubator, in which the concentration of CO2 was 5%.
Synthesis and Characterization of ACUPA-PEG-Cholesterol Conjugates
The synthesis of ACUPA and cholesterol-poly (ethylene glycol)-ACUPA conjugates (ACUPA-PEG-Chol) followed the literature's method with some modifications [56, [61] [62] [63] [64] [65] [66] , and the synthetic route was described in Scheme 1. Briefly, the succinate Chol-PEG (2.0 g, 0.86 mmol) and tert-butyl ester of ACUPA (0.43 g, 0.92 mmol) were added into in 20 mL of dichloromethane, and EDC (0.24 g, 0.92 mmol) was dissolved and further stirred for 24 h at 25 °C. Then the tert-butyl ester groups of ACUPA were cleared away by 50% TFA (trifluoroacetic acid) and continuous stirred 12 to 24 h. When the reaction was finished, the liquid was dialyzed (membrane tubing, molecular weight cut off = 1.0 kDa) and lyophilized and the final products ACUPA-PEG-Chol (0.78 g, 32.7%) were obtained. 
Preparation and Characterization of WOG Loaded ACUPA-PEG-Cholesterol Micelles
The wogonin loaded non-targeted micelles (M-WOG) and ACUPA modified micelles (ACUPA-M-WOG) were prepared as following: WOG and copolymer (1:19, w/w) were fully mixed in ethanol, and then the mixture was treated with a rotary evaporator under vacuum for 15 min to remove the liquid. The residual material was mixed with normal saline (NS), and then the amphiphilic polymer was re-dissolved and self-assembled to form M-WOG and ACUPA-M-WOG, Scheme 1. Synthetic route of ACUPA-PEG-Chol.
The wogonin loaded non-targeted micelles (M-WOG) and ACUPA modified micelles (ACUPA-M-WOG) were prepared as following: WOG and copolymer (1:19, w/w) were fully mixed in ethanol, and then the mixture was treated with a rotary evaporator under vacuum for 15 min to remove the liquid. The residual material was mixed with normal saline (NS), and then the amphiphilic polymer was re-dissolved and self-assembled to form M-WOG and ACUPA-M-WOG, respectively. The obtained drug loaded micelles was filtered by a 0.22 µm filter (Millipore Co., Waltham, MA, USA) and lyophilized into powder. To determine the particle size distribution and ζ potential of micelles, a laser particle size analyzer (Malvern Nano ZS-90, Worcestershire, UK) was applied to the ACUPA-M-WOG. All the results were verified in three independent samples, and datum were showed as the mean˘standard deviation (SD). The transmission electron microscope (TEM, H-6009IV, Hitachi, Tokyo, Japan) was used in the morphological characterization of ACUPA-M-WOG, all test samples were stained by phosphotungstic acid. The determination of the drug loading (DL) and encapsulation efficiency (EE) were performed on a high performance liquid chromatography instrument (HPLC, Shimadzu LC-20A, Kyoto, Japan) containing a PDA (Photo-Diode Array) detector and a reversed phase C18 column (4.6ˆ150 mm, 5 µm, Inertsil/WondaSil, Shimadzu-GL, Kyoto, Japan). The DL and EE of ACUPA-M-WOG were counted via the following equations:
EE " Drug in micelles{drug in feedˆ100% (2)
Cellular Proliferation Inhibition and Uptake of the Micelles
The cellular proliferation activities of ACUPA-M-WOG, M-WOG and free WOG on LNCaP and PC-3 cells were detected by MTT assay, respectively. The cancer cells were incubated in 96-well plates, along with ACUPA-M-WOG, M-WOG or free WOG with a concentration gradient for 48 h, respectively. After three independent experiments, the cell proliferation ratios of all groups were measured. All the data were shown as mean˘SD.
The LNCaP or PC-3 cells (5ˆ10 4 cells per well) were seeded in the six-well plate (Corning, NY, USA) and further cultured 48 h in a humidified incubator. Then, cells were respectively treated with the conventional micelles containing coumarine-6 or ACUPA modified micelles (the concentration of coumarine-6 was 40 ng/mL). After being further incubated for one hour, the culture medium was discarded, and the cells were digested with trypsin. Then the cells were re-suspended with PBS after washed twice. Finally, all the samples were analyzed via flow cytometry (EPICS Elite ESP, Beckman Coulter, Brea, CA, USA) to qualify the fluorescence intensity of coumarin-6.
Apoptosis Assay by Flow Cytometry
The apoptosis-inducing activities of ACUPA-M-WOG, M-WOG and free WOG to LNCaP cells were tested on a flow cytometry. Briefly, LNCaP cells were cultured in 6-well plates for 24-48 h, and then the cells were exposed to DMEM culture containing ACUPA-M-WOG, M-WOG or free WOG for an added 48 h, respectively. Then, cells were digested with trypsin, washed by PBS and stained with Annexin V/Propidium Iodide (BD PharMingen, San Diego, CA, USA). Both early apoptotic and late apoptotic cells were counted by flow cytometry in cell apoptosis determinations. Annexin V + /PIć ells meant early apoptotic cells, while Annexin V + /PI + cells meant late apoptotic cells.
Western Blot Analysis
The process of protein extraction was finished at 4˝C. First, the total proteins of ACUPA-M-WOG or free WOG treated LNCaP cells were extracted by RIPA buffer (SolarBio, Beijing, China), which contained 1% (v/v) PMSF (SolarBio), 0.3% (v/v) protease inhibitor (Sigma, St. Louis, MO, USA) and 0.1% (v/v) phosphorylated proteinase inhibitor (Sigma). Then, after being centrifuged at 12,000 rpm for 10 min, all the supernatant of lysates was collected. At last, the protein concentration was qualified by the BCA protein assay kit (Pierce, Waltham, MA, USA). SDS-PAGE gel electrophoresis was performed to separate the total protein, which was then transferred onto PVDF membranes. Further treatment with skimmed milk or bovine serum at room temperature was performed to block the non-specfic interactions. The primary antibodies were incubated with PVDF membranes overnight at 4˝C or two hours at room temperature. After being washed several times, the PVDF membranes were incubated in HRP-conjugated IgG (Abmart, Shanghai, China) for several hours. The target proteins were detected through an enhanced chemiluminescence (Millipore, Billerica, MA, USA) based on the manufacturer's protocol.
Conclusions
In conclusion, PSMA-positive PCa-targeted polymeric micelles, which are modified with ACUPA on the surface, have been an effective strategy for targeted chemotherapy. The prepared ACUPA-M-WOG not only has small particle size, but also good physico-chemical stability. In vitro experiments suggest that compared to a free drug or blank micelle, ACUPA-M-WOG shows stronger cytotoxicity in vitro proliferation assays and induces more apoptosis in PSMA-positive PCa cell lines. Moreover, flow cytometry analysis indicates that the surface ACUPA fragment of ACUPA-M-WOG promotes the selective uptake by LNCaP cells which are PSMA positive. Furthermore, the mechanism study of ACUPA-M-WOG demonstrates that the targeted micelles enhance the therapeutic efficiency of WOG, mainly in a manner dependent on inducing intrinsic apoptosis. Based on these, ACUPA-M-WOG may be an effective strategy for a prostate-cancer-targeted drug delivery system.
